A series of highly efficient red phosphorescent heteroleptic iridium(III) complexes 1-6 containing two cyclometalating 2-(2,4-substitued phenyl)quinoxaline ligands and one chromophoric ancillary ligand were synthesized: (pqx) 2 Ir(mprz) (1), (dmpqx) 2 Ir(mprz) (2), (dfpqx) 2 Ir(mprz) (3), (pqx) 2 Ir(prz) (4), (dmpqx) 2 Ir(prz) (5), (dfpqx) 2 Ir(prz) (6), where pqx = 2-phenylquinoxaline, dfpqx = 2-(2,4-diflourophenyl)quinoxaline, dmpqx = 2-(2,4-dimethoxyphenyl)quinoxaline, prz = 2-pyrazinecarboxylate and mprz = 5-methyl-2-pyrazinecarboxylate. The absorption, emission, electrochemical and thermal properties of the complexes were evaluated for potential applications to organic light-emitting diodes (OLEDs). The structure of complex 2 was also determined by single-crystal X-ray diffraction analysis. Complex 2 exhibited distorted octahedral geometry around the iridium metal ion, for which 2-(2,4-dimethoxyphenyl)quinoxaline N atoms and C atoms of orthometalated phenyl groups are located at the mutual trans and cis-positions, respectively. The emission spectra of the complexes are governed largely by the nature of the cyclometalating ligand, and the phosphorescent peak wavelengths can be tuned from 588 to 630 nm with high quantum efficiencies of 0.64 to 0.86. Cyclic voltammetry revealed irreversible metal-centered oxidation with potentials in the range of 1.16 to 1.89 V as well as two quasi-reversible reduction waves with potentials ranging from −0.94 to −1.54 V due to the sequential addition of two electrons to the more electron-accepting heterocyclic portion of two distinctive cyclometalated C^N ligands.
Introduction
Phosphorescent heavy-metal complexes as emitters in organic light-emitting diodes (OLEDs) have attracted increasing attention because they can fully utilize both singlet and triplet excitons through the strong spin-orbital coupling of heavy-metal ions.
1 Most recently, considerable effort has been focused on the design of OLEDs based on phosphorescent cyclometalated iridium complexes owing to their relatively short excited-state life time, high photoluminescence efficiency and excellent wavelength tunability over the entire visible spectrum, and an internal phosphorescence quantum efficiency (η int ) as high as ~100% can theoretically be achieved. 2 On the other hand, there are a few red-emitting iridium complexes, which are important for the realization of RGB full-color displays and the creation of white organic light-emitting devices (WOLEDs). 3 Compared to green and blue phosphorescent iridium complexes, red emitting iridium complexes tend to have limited quantum yields 4 due to the energy gap law. Increasing the vibrational overlap between the excited and ground states causes an increase in nonradiative rates (k nr ) and a decrease in the radiative rates (k r ) for longer wavelength emission, resulting in lower quantum efficiency in red emitters. Therefore, the synthesis of new highly efficient red emitting materials is generally based on the design of rigid cyclometalated ligands with a low degree of freedom for vibrational loss. Recently, the highly efficient heteroleptic cyclometalated iridium(III) complexes bearing nitrogen containing 2-phenylquinoxaline-based ligands with a low degree of freedom were reported. 5 The reported complexes emitted from red-orange to deep red phosphorescence with high emission quantum yields (Φ = 0.58-0.78) were found to be dependent on the substituent of cyclometalated ligands, and were suggested to be good triplet phosphors for OLEDs applications.
As part of an ongoing study of highly efficient red-emitting materials, this paper reports synthesis and characterization of a series of six red-emitting iridium(III) complexes containing two substituted 2-phenylquinoxaline ligands and one 2-pyrazinecarboxylic acid. The energy gap between the ground and lowest excited states can be reduced effectively by either an extension of p electron delocalization of the aromatic ligand chromophore or by emission from a nitrogen containing 2-pyrazinecarboxylate ancillary ligand, giving emitters with highly efficient red color due to an intra-ligand energy transfer (ILET) process.
Experimental
Materials. All reagents and solvents were obtained commercially from Sigma-Aldrich Chemicals or Acros Organics, and used as received with the exception of tetrahydrofuran (THF), which was distilled from sodium/benzophenone under nitrogen.
Synthesis of Ligands: 2-Phenylquinoxaline (pqx). 2-Phenylquinoxaline (pqx) was prepared from a reaction of 2-chloroquinoxaline and phenylboronic acid. 2-Chloroquinoxaline (3.00 g, 18.2 mmol), phenylboronic acid (2.44 g, 20.0 mmol) and tetrakis(triphenylphosphine)palladium(0) (0.98 g, 0.85 mmol) were added to 50 mL of THF. After adding 5 mL of aqueous 4 M K 2 CO 3 , the reaction mixture was heated to 80 °C for 24 h. The cooled crude mixture was poured into water, extracted with CH 2 Cl 2 (50 mL × 3 times) and dried over anhydrous magnesium sulfate. Finally, silica column purification (n-hexane:EtOAc = 5:1) gave 3.15 g of a white solid in quantitative yield (84%). mp 77 °C. 2 , where C^N = pqx, dmpqx and dfpqx, were prepared from a reaction of iridium chloride trihydrate (2.00 g, 5.67 mmol) and the C^N ligand (17.01 mmol) in a mixture of water (10 mL) and 2-ethoxyethanol (30 mL) at 135 °C under a nitrogen atmosphere for 30 h. The reaction mixture was allowed to cool to room temperature and treated with water (30 mL) to induce the precipitation of a brown solid. The solid was filtered and washed with water, hexane and diethyl ether. The product portion was collected and dried under vacuum. The μ-chloro-bridged dimer [(C^N) 2 Ir(μ-Cl)] 2 (0.39 mmol), sodium carbonate (0.414 g, 3.90 mmol) and 3 equivalent ancillary N^O ligand, where N^O = 5-methyl-2-pyrazinecarboxylic acid (mprz) and 2-pyrazinecarboxylic acid (prz) were dissolved in 30 mL of 2-ethoxyethanol. After degassing, the reaction vessel was maintained under nitrogen. The temperature was increased to 130 °C and the reaction mixture was stirred for 20 h. The resulting dark solution was concentrated under vacuum at 60 °C, and the residues were eluted through a silica column.
[ H nuclear magnetic resonance (NMR, Varian Mercury 300 MHz instrument) spectra were recorded and the chemical shifts were referenced to CDCl 3 as an internal standard. The UV-visible spectra were recorded on a Jasco V-570 UV-vis. spectrophotometer and the photoluminescence (PL) spectra were recorded at room temperature using a Hitachi F-4500 fluorescence spectrophotometer in the range of 400-800 nm. Ir(ppy) 3 , where ppy is 2-phenylpyridine, was used as the reference, assuming a quantum yield of 0.40 with 360 nm excitation, to determine the luminescence quantum yield of the studied compounds in a CH 2 Cl 2 solution. The solution samples were degassed by three freeze pump-thaw cycles. The resulting luminescence was measured using an intensified charge-coupled detector. Electrochemical measurements were performed using a Bioanalytical Systems CV-50 W electrochemical analyzer with a three electrode cell assembly. The electrochemical cell consisted of a glassy carbon working electrode, platinum wire counter electrode and Ag/AgCl reference electrode. The oxidation and reduction measurements were recorded in a CH 2 Cl 2 solution containing tetra(n-butyl)ammonium hexafluorophosphate as the supporting electrolyte at a scan rate of 50 mV s −1 under nitrogen conditions. Each oxidation potential was calibrated using ferrocene as the reference. The concentration of the iridium(III) complexes and supporting electrolyte were ~10 −3 and ~10 −1 M respectively. Thermal analyses were carried out on a meter Toledo TGA/SDTA 815 analyzer under a nitrogen atmosphere at a heating rate of 10 °C/min.
Crystallography. The X-ray intensity data were collected on a Bruker SMART APEX-II CCD diffractometer using graphite monochromated Mo Kα radiation (λ = 0.71073 Å) at the temperature of 174 K. The structures were solved using a SHELXS-97 and refined by a full-matrix least-squares calculation on F 2 using SHELXL-97. 6 All non-hydrogen atoms were refined anisotropically except O atoms of the disordered water molecules. The water H atoms were not found out because of the disordering in the lattice. The other hydrogen atoms were placed in ideal positions and were riding on their respective carbon atoms (B iso = 1.2 B eq and 1.5 B eq ).
Results and Discussion
Synthesis and Characterization. The reaction of pqx and (6), were also synthesized for subtle tuning of the emission wavelength. Scheme 1 outlines the synthetic protocol for the ligands and phosphorescent iridium(III) complexes. All iridium(III) complexes were highly soluble in chlorinated solvents.
1
H NMR spectral analyses were consistent with the proposed structures. Complex 2 was examined further using single-crystal X-ray analysis to establish its three dimensional structure.
A single crystal of complex 2 was grown by the diffusion of hexane into a concentrated dichloromethane solution and (2) , showing the atom-numbering scheme. The thermal ellipsoids represent the 30% probability limit. The hydrogen atoms were omitted for clarity.
its structure was confirmed unambiguously by X-ray crystallography. Figure 1 shows the molecular structure of complex 2. Table 1 presents the X-ray crystallographic data and Table  2 lists the selected bond lengths and bond angles. As shown in Figure 1 , complex 2 showed distorted octahedral geometry around the iridium metal ion, consisting of two cyclometalated dmpqx ligands and one mprz ligand. The dmpqx ligands adopt a mutual eclipse configuration with their coordinated nitrogen atoms, N(1) and N(21), and carbon atoms, C(8) and C(28), being in the trans and cis orientation, respectively. The methylpyrazine carboxylate is located at a unique position opposite to the carbon atoms of the dmpqx ligands. This trans N-N and cis C-C ligand arrangement is the same as those of the parent phenylpyridine ligands in the μ-chloro-bridged dimer complex [(ppy) 2 Ir(μ-Cl)] 2 , 7 iridium diketonate complexes such as (ppy) 2 Ir(acac) 8 and even the associated derivatives with the pyrazinecarboxylate ancillary ligand. This suggests that the pyrazinecarboxylate ligand in this case is attached to the metal via a simple replacement of both chloride ligands. The cis C-C arrangement is expected from the fact that the trans C-C is higher in energy and more labile due to the electron-rich σ-phenyl ligand, which is referred to as "transphobia". 9 The bond angles in the iridium octahedron vary from 75.7(3) to 103.1 (2) o and from 168.6(3) to 174.5 (3) o as shown in Table 2 . The bite angles at iridium are 79.6(3) and 80.0 (3) o because the cyclometalated ligands are distinctly smaller than those of similar complexes.
8 The Ir-N1 (2.061(7) Å) and Ir-N21 (2.060(7) Å) bond lengths are shorter than 2.149(7) Å observed in Ir-N41, suggesting a stronger trans influence of the phenyl ring compared to the pyridyl groups, which have a trans N-N configuration. The strong trans influence of the phenyl group resulted in a longer Ir-O48 bond length (2.178(6) Å) than the mean Ir-O values of 2.088 Å reported in the Cambridge Crystallographic Database.
10
Photophysical Characterization. Figure 2 shows the UV-vis. absorption and photoluminescence (PL) spectra of the iridium(III) complexes 1-6. Table 3 lists the resulting photophysical properties of the iridium complexes. All the complexes displayed strong absorption bands between 280 and 310 nm, which were assigned to π-π* ligand-centered transitions. In addition, spin-allowed metal-to-ligand charge , can be clearly distinguished in the region of 360-380 nm.
11 On the other hand, spin-forbidden triplet , where biimd is biimidazole. This shows that the ancillary ligand plays an important role in tuning the emission color from the (pqx) 2 Ir moiety and prz is an efficient ancillary ligand in red emission. Furthermore, highly quantum efficiencies of 0.64-0.86 were observed in complexes 1-6. It was reported that a substituted nitrogen atom at the 4-position in 2-pyrazine carboxylic acid decreased the LUMO energy level in heteroleptic iridium complexes containing an ancillary pyrazinecarboxylate modulated ligand resulting in a red shift emission. 12 In addition, the reported iridium complexes showed highly efficient red emissions due to an inter-ligand energy transfer (ILET) process from 3 MLCT state to intra-ligand 3 LX energy state.
12,13a On the basis of this reported study and the experimental observation of highly efficient red emissions in complexes (1-6), we suggest that a probable mechanism of phosphorescent emission is a highly efficient ILET process. An efficient intersystem crossing to 3 MLCT occurs after 1 MLCT excitation from the iridium moiety to the cyclometalating pqx ligand in the singlet manifold, followed by inter-ligand energy transfer to the ancillary ligand.
In addition, the emission bands of all complexes were blue shifted from room temperature to 77 K due to the rigidochromic effect.
14 The excited state at 77 K emits before solvent relaxation occurs, whereas room temperature emission occurs from the fully relaxed state within the lifetime of the excited state of the emitting molecule.
Complex 3 bearing the 2,4-difluorophenyl group showed ã 32 nm hypsochromic shift in emission compared to complex 1, which can be rationalized qualitatively by a decrease in the HOMO energy level due to the stronger electronwithdrawing character of the fluorine atom at the ortho-and para-positions.
13 Moreover, complex 2 resulted a 8 nm blue shift in emission peak maximum (λ max ) than complex 1. In complexes 2 and 5, the electron releasing substituent (-OCH 3 ) did not have a significant impact on emission comparing to complexes 3 and 6. Similar phenomena were also observed in the iridium(III) complexes containing substituted quinoline, regardless of whether the substitutes in the 2-phenyl ring of the quinoline unit were electron-withdrawing -F or electron-releasing -OCH 3 groups.
15
The thermal stability of complexes 1-6 were probed by thermogravimetric analysis (TGA), and exhibited 5% weight loss in the 209 to 262 °C range under a nitrogen atmosphere, as shown in Table 3 , supporting its suitability for electronic device applications.
Electrochemical Properties. The electrochemical properties of the complexes were characterized by cyclic voltammetry (CV) in a methylene chloride solution to provide insight into the highest occupied molecular orbital (HOMO) energy levels of the complexes. All the iridium complexes showed irreversible oxidation potentials in the 1.16 to 1.89 V range and double quasi-reversible reduction waves with potentials ranges from −0.94 to −1.36 V and from −1.22 to −1.54 V. Oxidation occurred mainly at the iridium metal ion sites together with a contribution from the cyclometalated phenyl fragment, which led to a loss of electrochemical reversibility. On the other hand, double quasi-reversible reductions occurred primarily on the stronger electron-accepting heterocyclic portion of the cyclcometalated C^N ligands.
16
The oxidation potential of the Ir(III) complexes was translated into the HOMO using the equation, E HOMO = −(E ox + 4.4) eV, where E ox is the onset oxidation potential and the energy band gap (ΔE gap ) of the iridium(III) complexes deduced from the absorption edge of the absorption spectra from ΔE gap = 1240/λ edge , where λ edge is the onset value of the absorption spectrum in the film. 17 The LUMO energy levels were estimated from the HOMO values and optical band gaps (ΔE gap ) by E LUMO = E HOMO + ΔE gap . Table 4 summarizes the electrochemical data relative to a ferrocenium/ferrocene redox couple and the energy levels of the Ir(III) complexes.
The oxidation potential of complex 3 containing electron withdrawing fluorine atoms on the 2,4-position of the phenyl ring was 1.83 V, which was shifted positively by 0.31 V compared to complex 1, whereas complex 2 containing electron-donating -OCH 3 groups on 2,4-position of the phenyl ring showed an oxidation potential at 1.16 V. At the same time, the reduction potential of complex 3 was shifted from −1.20 V of complex 1 to −1.05 V. The CV data showed that an incorporation of electron withdrawing fluorine atoms on the phenyl ring led to a marked increase in the oxidation potential and a concomitant decrease in the reduction potential, whereas the electron releasing -OCH 3 group on the phenyl ring decreased the oxidation potential and increased the reduction potential. 18 This shows that the introduction of electron withdrawing groups on the phenyl ring reduces the HOMO energy level, resulting in a blue shift in an emission. The presence of electron donating -CH 3 group at the 5-position on the mprz ligand shifts the oxidation potentials to lower values than the prz ligand. Accordingly, the electron enrichment of the metal centered redox site destabilized the HOMO energy level, resulting in making the iridium(III) metal ion easier to oxidize.
Conclusions
A series of six heteroleptic cyclometalated iridium(III) complexes 1-6 bearing 2-(2,4-substitued phenyl)-quinoxaline and 2-pyrazinecarboxylate (prz) or 5-methyl-2-pyrazinecarboxylate (mprz) ligands as red triplet emitters were synthesized. The complexes incorporated two substituted cyclometalated ligands with an extended π system with fused heteroaromatic rings and one chromophoric ancillary ligand to counterbalance the energy gap suited for red emission. The optical and electrochemical properties were examined and compared with those reported for (pqx) 2 Ir(L^X), where L^X = acetylacetonate (acac) or biiidazole (biimd) complexes. The prz ancillary ligand plays an important role in the redshifted emission in the heteroleptic cyclometallated iridium complexes due to the ILET process. X-ray diffraction of complex (dmpqx) 2 Ir(prz) (2) showed that the complex exists as a descriptive monomer showing a distorted octahedral symmetry around the iridium metal ion with no intermolecular interactions in the solid. These complexes exhibited high emission quantum yields (Φ = 0.64-0.86) suitable for red emitting phosphors for OLEDs applications. The color tuning of heteroleptic cyclometallated iridium(III) complexes was achieved by relative energy level control of the main and ancillary ligands. (2)). The data can be obtained free of charge via www.ccdc.cam.ac.uk/deposit (or from the CCDC, 12 Union Road, Cambridge CB2 1EZ, UK; Fax: +44-01223 336033; E-mail: deposit@ccdc.cam.ac.uk).
